We present the results of the one year long observational campaign of the type II-plateau SN 2005cs, which exploded in the nearby spiral galaxy M51 (the Whirlpool Galaxy). This extensive dataset makes SN 2005cs the best observed low-luminosity, 56 Ni-poor type II-plateau event so far and one of the best core-collapse supernovae ever. The optical and near-infrared spectra show narrow P-Cygni lines characteristic of this SN family, which are indicative of a very low expansion velocity (about 1000 km s −1 ) of the ejected material. The optical light curves cover both the plateau phase and the late-time radioactive tail, until about 380 days after core-collapse. Numerous unfiltered observations obtained by amateur astronomers give us the rare opportunity to monitor the fast rise to maximum light, lasting about 2 days. In addition to optical observations, we also present near-infrared light curves that (together with already published UV observations) allow us to construct for the first time a reliable bolometric light curve for an object of this class. Finally, comparing the observed data with those derived from a semi-analytic model, we infer for SN 2005cs a 56 Ni mass of about 3 × 10 −3
INTRODUCTION
Underluminous, low-energy, 56 Ni-poor type IIP supernovae (SNe IIP) form one of the most debated core-collapse supernova (CC SN) sub-groups due to the unveiled nature of their progenitors. The controversy started with the discovery of the puzzling SN 1997D (Turatto et al. 1998; Benetti et al. 2001 ). The unusual characteristics of this SN were well modelled with either a core-collapse explosion of a very massive (more than 20 M ⊙ ) star with large fallback of material (Zampieri et al. 1998) , or with the explosion of a less massive progenitor (8-10 M ⊙ , Chugai & Utrobin 2000) , close in mass to the lower limit for stars which can undergo core-collapse.
Several other SNe have been found sharing observational properties with SN 1997D, viz. SNe 1994N, 1999br, 1999eu, 2001dc (Pastorello et al. 2004 , while data for another group of low-luminosity SNe IIP (SNe 1999gn, 2002gd, 2003Z, 2004eg, 2006ov) will be presented by Spiro et al. (2009) . SN 1999br, in particular, had even more extreme observed properties than SN 1997D (see also Hamuy 2003; Pastorello 2003) . Despite the modelling of the light curve and spectral evolution of SN 1999br suggested that the precursor was a 16 M ⊙ star (Zampieri et al. 2003) , direct measurements based on a marginal detection on pre-explosion Hubble Space Telescope (HST) archival images (see Van Dyk et al. 2003; ) indicated a progenitor with upper mass limit of 12 M ⊙ . Smartt et al. (2008) recently revised this estimate, increasing the upper limit up to 15 M ⊙ . However, we have to admit that, due to the uncertainties on dust extinction and to the lack of colour information, the mass limit for the progenitor of SN 1999br still remains poorly constrained.
In the context of faint transients, it is worth mentioning also the extreme case of a recent transient in M85. Although Ofek et al. (2007) , Kulkarni et al. (2007) and Rau et al. (2007) classified it as an anomalous, luminous red nova possibly resulting from a rather exotic stellar merger, it shares some similarities with the SN 1997D-like events (resembling also a faint type IIn SN). As a consequence, it would be the faintest SN II ever discovered ). Moreover, Valenti et al. (2009) present a study of the faintest SN Ib/c ever discovered, SN 2008ha, and propose that the whole family of objects similar to SN 2002cx and previously classified as peculiar type Ia SNe (e.g. Li et al. 2003) are instead underluminous, stripped-envelope core-collapse SNe.
The first opportunity to study fairly well the progenitor of an underluminous SN IIP and its environment was given by SN 2005cs. The short distance of the host galaxy (M51) allowed to univocally recover the precursor star in a set of HST images obtained before the SN explosion Li et al. 2006) . The progenitor appeared to be a red supergiant (RSG) with an absolute V band magnitude around −6 and initial mass of 7-13 M ⊙ . This mass range is also in excellent agreement with that derived by Takáts & Vinkó (2006, about 9 M ⊙ ) using an updated host galaxy distance estimate, based on both the Expanding Photosphere Method (EPM) and the Standard Candles Method (SCM), and with the estimate obtained by Eldridge et al. (2007, 6-8 M ⊙ ) studying the expected optical and near-infrared (NIR) magnitudes for RSG stars. The only attempt performed so far to determine the mass of the precursor of SN 2005cs via hydrodynamic modelling of the SN data (Utrobin & Chugai 2008 ) gave a remarkably higher pre-SN mass (17.3 ± 1.0 M ⊙ ).
In Pastorello et al. (2006) (Paper I) the evolution of SN 2005cs at optical wavelengths during the first month after explosion was shown. Early-time data were also presented by Li et al. (2006) Dessart et al. (2008) . Data of Brown et al. (2007) are of particular importance because they show for the first time the early-time evolution of an underluminous SN IIP in the UV and X-ray domains.
The distance to M51 adopted in Paper I was d = 8.4 Mpc (based on planetary nebulae luminosity function, Feldmeier et al. 1997 ). However, Takáts & Vinkó (2006) , averaging their EPM-and SCM-based estimates with others available in literature, proposed a distance of 7.1 ± 1.2 Mpc, that is significantly lower than that of Feldmeier et al. (1997) . Since most independent methods appear to converge to lower values for the distance, in this paper we will adopt the average estimate of Takáts & Vinkó (2006) , which corresponds to distance modulus µ = 29.26 ± 0.33. The total extinction in the direction of SN 2005cs is also quite debated, although there is clear evidence from spectroscopy that the SN light is only marginally reddened. In Paper I, a colour excess of E(B − V) = 0.11 mag was adopted. and Li et al. (2006) suggested even higher reddening values, i.e. E(B − V) = 0.14 mag and E(B − V) = 0.12 mag, respectively. However, spectral models presented by Baron et al. (2007) reproduce well the observed spectra of SN 2005cs dereddened by a lower amount, about 0.035-0.050 mag (0.035 mag is the Galactic reddening reported by Schlegel et al. 1998) . We find the arguments presented by Baron et al. (2007) convincing, and adopt hereafter a reddening of E(B − V) = 0.05 mag.
In this paper we present the entire collection of optical and NIR data of SN 2005cs, obtained through a coordinated observational campaign which lasted for more than one year and was performed using a number of different telescopes. We also include in our analysis optical photometry presented in Paper I and preliminarily calibrated making use of the same sequence of stars used in the study of the type Ic SN 1994I (Richmond et al. 1996) . Data from Paper I have been recalibrated using a new, wider sequence of local standards (labelled with numbers or capital letters, Figure 1 ), whose magnitudes and errors are reported in Table 1 .
The manuscript is organised as follows: in Section 2 we present the optical and NIR photometric data of SN 2005cs, in Section 3 we compute its bolometric light curve and compare it with those of other SNe IIP, while in Section 4 we analyse the entire spectral sequence. In Section 5 we discuss the nature of the progenitor of SN 2005cs, through the modelling of the observed data of the SN itself (Section 5.1) and in the context of the low-luminosity type IIP SN class (Section 5.2). Finally, in Section 6 we briefly summarize the main results of this paper.
PHOTOMETRY
The systematic photometric monitoring of SN 2005cs began on June 30th, 2005, 3 days after the SN discovery. However, earlier unfiltered images obtained by amateurs astronomers were also collected. These data are particularly important because they show the light curve evolution soon after the shock breakout. There is no evidence of the SN presence in images obtained on June 26, 2005, but the SN was clearly visible the subsequent day (Figure 2) . The SN was then followed for one year (until July 2006) Optical data were reduced following standard prescriptions in IRAF environment. Magnitude measurements were performed on the final images (i.e. after overscan, bias, flat field correction) with a PSF-fitting technique, after subtracting images of the host galaxy obtained before the SN explosion (for details about this technique see Sollerman et al. 2002) . The calibration of the optical photometry was performed making use of standard fields of Landolt (1992) observed in the same nights as the SN. The SN magnitudes were then determined relative to the magnitudes of a sequence of stars in the field of M51 (Figure 1 , and Table 1 ), computed averaging the estimates obtained during several photometric nights. The calibrated SN magnitudes in optical bands are reported in Table 2 .
Except for a few observations in the B band, most earlytime amateur images were obtained without filters. However, we checked the quantum efficiency curves of all CCDs used in these observations and, depending on their characteristics, unfiltered measurements were rescaled to V or R band magnitudes (with the same prescriptions as in the case of the SN IIb 2008ax, see Pastorello et al. 2008) , using the same local stellar sequence as for filtered photometry (Figure 1 and Table 1 ). The calibrated magnitudes derived from amateur observations are listed in Table 3 .
For the NIR photometry we used a slightly different approach. The contamination from the sky, which is extremely luminous and rapidly variable in the NIR, first had to be removed. To this aim, sky images, obtained by median-combining several exposures of relatively empty stellar fields 1 , were subtracted from individual SN frames. The final NIR images of the SN were obtained combining several dithered exposures. SN magnitudes were then computed with reference to a sequence of stars (labelled with capital letters in Figure 1 ), whose magnitudes were calibrated using ARNICA NIR standard fields (Hunt et al. 1998 (Hunt et al. , 2000 and that were found to be in good agreement with those of the 2MASS catalogue (see Table  1 ). NIR magnitudes of SN 2005cs are reported in Table 4 . 
The Rising Branch
After the collapse of the stellar nucleus, a shock wave travels from the core region outward, and reaches the outer envelope on time scales of hours. When the shock wave reaches regions of low optical depth, the SN begins to shine. This phenomenon is called shock breakout and is expected to manifest as a brief (few hours) burst of high-frequency (UV and X-ray) emission. Though theoretically expected, this sharp UV excess was only occasionally observed in type IIP SNe, and mostly during the post-peak decline. For example, the peculiar SN 1987A showed some evidence of it (Kirshner et al. 1987; Hamuy et al. 1988 ). The type IIP SN 2006bp was also discovered very young (Quimby et al. 2007 ), but not early enough to see the initial rise of the UV excess (Immler et al. 2007; Dessart et al. 2008 ). More recently, two other type IIP SNe discovered by the Supernova Legacy Survey were observed by GALEX soon after core-collapse and showed some evidence of a fast-rising UV light peak (Schawinski et al. 2008; Gezari et al. 2008) . This sharp peak is much weaker (or totally invisible) in the optical bands, that only show a relatively fast rise (2-3 days) to the plateau. Due to its intrinsic brevity, also the optical rising phase of a SN IIP was rarely observed in the past (e.g. Quimby et al. 2007 ). SN 2005cs was discovered soon after its explosion (see Pastorello et al. 2006) , mainly because M51 is one of the most frequently targeted nearby galaxies by amateur astronomers. For this reason, a number of images obtained shortly before (and soon after) core-collapse are available. We analysed several of these images, and derived a number of significant pre-explosion limits and the very early-time B, V and R band photometry of SN 2005cs (Figure 3) . These measurements, obtained around the discovery epoch, provide a robust constraint on the epoch of the explosion and the rare opportunity to observe the fast rise to the light curve maximum of a type II SN. The non-detection at JD = 2453548.43 and the detection at JD = 2453549.41 allow us to estimate the time of the shock breakout to be around JD = 2453549.0 ± 0.5 (this epoch corresponds to day 0 in Figure 3 and hereafter). As pointed out by Dessart et al. (2008) , there is a time interval elapsing between the beginning of the expansion (computed by Dessart et al. 2008, JD = 2453547.6 ) and the instant of the optical brightening.
Remarkably, the sharp peak of light soon after core-collapse c 0000 RAS, MNRAS 000, 000-000 mentioned by Tsvetkov et al. (2006) and shown in their Figure 4 , is not visible in our calibrated photometry (see Figure 3 ). This putative peak was likely an artifact due to the lack of selection criteria in collecting unfiltered observations from a large number of amateur astronomers. For comparison, in Figure 3 the rising phase of the normal type IIP SN 2006bp, as presented in Quimby et al. (2007) , is also shown. The behaviour of these two objects suggests that the rise to the maximum light is extremely rapid in SNe IIP, lasting about 2 days, and it is much faster than that observed in other SN types.
The Plateau Phase
Optical and NIR light curves of SN 2005cs obtained during the first 4 months (including also the amateurs observations discussed in Section 2.1) are shown in Figure 4 . The black symbols are original data presented in this paper plus the data of Paper I recalibrated with the new sequence of stars, while the red ones are from Tsvetkov et al. (2006) . Evidence of a maximum light is visible only in the U and B band light curves (and also in the UV observations presented by Brown et al. 2007 ). In the other optical bands SN 2005cs shows a long period (more than 100 days) of almost constant luminosity (especially in the V band). Unlike the optical light curves, in the NIR the luminosity increases monotonically until the end of the plateau. We note that a plateau of 100-120 days is a common feature of most SNe IIP (see also the systematic analysis in Höflich et al. 2001; Hamuy 2003; Nadyozhin 2003; Chieffi et al. 2003) . During the plateau phase the massive H-rich envelope, which was fully ionised at the time of the initial shock breakout, cools and recombines. During this period the SN becomes progressively redder. Multiple colour curves of SN 2005cs during the first few months are shown in Figure 5 and compared with those of a few well observed SNe IIP: the peculiar SN 1987A (see Whitelock et al. 1989 , and references therein), the normal luminosity SN 1999em (Hamuy et al. 2001; Leonard et al. 2002b; Elmhamdi et al. 2003a; Krisciunas et al. 2009 ), and the low-luminosity SNe 1999br and 1999eu (Hamuy 2003; Pastorello et al. 2004 ). All SNe IIP show a similar colour evolution, becoming monotonically redder with time, even though the peculiar SN 1987A reddens definitely faster than the others. Conversely, no significant colour evolution is visible during the plateau phase in the NIR, with the J − H colour being constant at ∼ 0.2 mags and the J − K colour at ∼ 0.25 mags.
After the end of recombination (about four months after corecollapse), the SN luminosity drops abruptly ( Figure 6 ) and the colour curves show a red peak (see Section 2.3 and Figure 7 ) previously observed in other type IIP SNe (Pastorello et al. 2004; Hendry et al. 2005) . SN 2005cs declines by about 4.5 mag within 3 weeks in the B band, by ∼ 3.8 mag in the V band, ∼ 3.1 mag in the R band, ∼ 2.7 mag in the I band, and ∼ 2.3 mag in z. This drop is unusually large, since in most type IIP SNe it is in the range 1.5-3 mag (see e.g. Elmhamdi et al. 2003b ).
The Nebular Phase
Once the H envelope is fully recombined, SN 2005cs is expected to approach the nebular phase. In this phase, its luminosity is sustained only by the radioactive decay of iron-group elements. Under the assumption of complete γ-ray trapping, the light curve is expected to decline with a rate of 0.98 mag/100d, consistent with the decay of 56 Co into 56 Fe. In Figure 6 we show the late-time optical photometry of SN 2005cs. It is worth noting that the post-plateau photometric data of Tsvetkov et al. (2006) are not shown in Figure  6 , because they are systematically brighter than those presented in this paper. This is probably due to the different methods used to derive the magnitudes. In fact, when the SN luminosity is comparable to that of the local background, the photometry without tem- Whitelock et al. 1989 , and references therein), 1999em (Hamuy et al. 2001; Leonard et al. 2002b; Elmhamdi et al. 2003a; Krisciunas et al. 2009 ), 1999eu (Pastorello et al. 2004 ) and 1999br (Hamuy 2003; Pastorello et al. 2004 ).
plate subtraction no longer provides good results. For this reason we subtracted the host galaxy using archival images obtained before the SN explosion. Comparing our B band magnitudes of the radioactive tail obtained with the template subtraction with those of Tsvetkov et al. (2006) , we find differences as large as 1 mag. This is not surprising, since SN 2005cs at late phases emits mostly at red wavelengths and, hence, the B band magnitude estimates from Tsvetkov et al. (2006) are expected to be significantly contaminated by the contribution of foreground sources. Once more, d . These are all significantly smaller than the decline rate expected from the 56 Co decay. Utrobin (2007) describes a transitional phase in the light curve evolution of SNe IIP where the luminosity does not fall directly onto the radioactive tail because of a residual contribution from radiation energy. According to Utrobin (2007) , a radiation flow generated in the warmer inner ejecta propagates throughout the transparent cooler external layers, and contributes to the light curve as an additional source. One can observe this phase as a sort of late-time plateau (labelled as plateau tail phase by Utrobin 2007), before the light curves approaches the proper, uncontaminated radioactive decay phase. This transitional period is observed in many type IIP SNe. A flattening in the early nebular tail was observed in the light curve of SN 1999em (Elmhamdi et al. 2003a) , lasting less than one month (as estimated by Utrobin 2007 , for a normal SN IIP). This phenomenon appears much more evident in underluminous, low-energy events (e.g. this late light curve flattening was clearly observed in SN 1999eu, Pastorello et al. 2004 ). The situation for SN 2005cs is similar to that of SN 1999eu, since the secondary, late-time plateau lasts for about 6 months (possibly showing some substructures, like a step visible in Figure 6 around 220 days). This, together with the evidence that P-Cygni photospheric lines are persistent in the SN spectra over a period of almost one year (see Section 4.1), indicates that the transition to the "genuine" nebular phase is very slow in SN 2005cs and, probably, also in most other underluminous SNe IIP.
At very late epochs (t > 330 days) the SN luminosity declines faster. This is possibly an indication of (i) dust forming in the SN ejecta, (ii) a lower efficiency of γ-ray trapping due to the decreased density of the ejecta, or -more likely-(iii) that the residual luminosity contribution from radiation energy is vanishing and the light curve of SN 2005cs is finally settling onto the 'true' radioactive tail The comprehensive B − V and V − R colour curves of SN 2005cs and other SNe IIP (the same as in Figure 5 , but extended until 1 year after core-collapse, and including those of the reference low-luminosity SN IIP 1997D) are shown in Figure 7 . SN 2005cs, like other faint SNe IIP (Pastorello et al. 2004; Spiro et al. 2009 ), shows a characteristic red peak in the colour evolution during the steep post-plateau luminosity decline. However, while B−V is constant at about 2 mag during the subsequent period, the V − R colour (which peaks around 1.6 mag) becomes slightly bluer when the SN settles down onto the exponential tail, reaching V − R ≈ 1.2. Note, however, that the faintness of SN 2005cs at the blue wavelengths at late phases makes the corresponding colour estimates rather uncertain.
BOLOMETRIC LIGHT CURVE AND NI MASS
Using the data presented in the previous sections, and early-time data of Tsvetkov et al. (2006) and Brown et al. (2007) , we computed the bolometric light curve of SN 2005cs. The bolometric luminosity was calculated only for epochs in which V band observations were available. Photometric data in the other optical bands, if not available at coincident epochs, were estimated interpolating the data of adjacent nights. Lacking NIR observations between 3 and 7 months after the SN explosion (i.e., during the period of the transition between the photospheric and the nebular phase), the contribution in the z, J, H and K bands was estimated by interpolating the I − z, z − J, J − H and H − K colour curves, respectively, with low-order polynomial functions. With this approach we can extrapolate information on the behaviour of the NIR light curves in the missing epochs. The colour curves of type IIP SNe, indeed, evolve less abruptly than the light curves during the transition between the plateau and the nebular phases (see e.g. Figure 5 , bottom), and consequently the errors in the recovered magnitudes are expected to be quite small (below ∼0.1 mags).
The contribution in the UV bands was estimated making use of the photometry presented by Brown et al. (2007) , and assuming negligible UV contribution during the nebular phase. The final bolometric light curve, which spans a period of about 380 days from core-collapse, is presented in Figure 8 (top panel). The contribution of the UV bands to the luminosity during the first ∼20 days (corresponding to the peak of light in the bolometric light curve of Figure 8 ) is around 60 per cent of the total luminosity, while during recombination most of the flux arises from the contribution of the optical bands (VRI). The NIR bands contribute mainly during the late nebular phase, when 50 per cent of the total luminosity falls in the NIR domain. In order to help the eye in evaluating the contribution of the different wavelength regions, the quasi-bolometric (UBVRI) light curve obtained by integrating the fluxes in the optical bands only is also shown in Figure 8 (top panel). For completeness, most broadband observations available in the literature, from the UV data ) to the NIR, are displayed in Figure 8 (bottom panel). The data presented in this paper are reported with black symbols, those from Brown et al. (2007) are shown in blue, and those of Tsvetkov et al. (2006) in red.
In Figure 9 we show the quasi-bolometric (UBVRI) light curve of SN 2005cs, compared with those of some representative type IIP SNe, spanning a wide range in luminosity: SN 1999br (Hamuy 2003; Pastorello et al. 2004 ), SN 2004dj (Vinkó et al. 2006 ), SN 1999gi (Leonard et al. 2002a ), SN 1999em (Hamuy et al. 2001; Leonard et al. 2002b; Elmhamdi et al. 2003a ), SN 2003gd (Hendry et al. 2005) , SN 2004et (Sahu et al. 2006; Kuntal et al. 2007 ), SN 1996W (Pastorello 2003) . The plateau luminosity of SN 2005cs is lower than those of normal SNe IIP, but significantly higher than that of the extremely faint SN 1999br (Hamuy 2003; Zampieri et al. 2003; Pastorello et al. 2004) . After the plateau, SN 2005cs shows a remarkably strong post-plateau decay onto the radioactive tail, deeper than that observed in any other type IIP SN in Figure 9 . As a consequence, the radioactive tail of SN 2005cs is very underluminous, close to that of SN 1999br. This is an indication of the very small mass of 56 Ni ejected by SN 2005cs, around 3×10 −3 M ⊙ (obtained from a comparison with the late-time luminosity of SN 1987A), which is consistent with the amount estimated for other underluminous, 56 Ni-deficient SNe IIP (Pastorello et al. 2004; Spiro et al. 2009 ).
SPECTROSCOPY

Optical Spectra
The spectroscopic monitoring of SN 2005cs extended over a period of about one year. Early-time spectra (obtained during the first c 0000 RAS, MNRAS 000, 000-000 month after the SN discovery) were presented in Paper I. In this Section we analyse the complete spectroscopic evolution of this SN, including spectra obtained during the nebular phase. Information on the spectra obtained since August 2005 (i.e. starting about one month after the discovery) is reported in Table 5 , while information on earlier spectra can be found in Paper I. The full sequence of early-time spectra of SN 2005cs (phase 2 months, including also those published in Paper I) is shown in Figure 10 .
The sequence of photospheric spectra of SN 2005cs in Figure  10 highlights the metamorphosis which occurred between the early photospheric phase (Paper I) and the middle of the recombination period. In early photospheric spectra, characterized by a very blue continuum, mostly H and He I lines are visible, with the likely presence of N II lines (see e.g. Schmidt et al. 1993; Dessart & Hillier 2005 Baron et al. 2007; Dessart et al. 2008) . With time (about 1-2 weeks after explosion), the strong He I λ5876 line disappears and is replaced by Na ID (λλ5890,5896, see also the left panel in Figure 11 ). In this phase, also O I λ7774, Ca H&K, the NIR Ca II triplet and the strongest Fe II multiplets appear. This transition phase is visualised in Figure 11 , where the most important spectral features undergo an evident transformation. In order to help the eye, the rest wavelengths of the main lines are marked. Like in other underluminous SNe IIP (Pastorello et al. 2004 ), while the continuum temperature decreases due to the adiabatic expansion of the photosphere, the spectra become progressively redder during recombination, and a number of narrow metal lines (Fe II, Ti II, Sc II, Ba II, Cr II, Sr II, Mg II) rise to dominate the spectrum (for a detailed line identification, see Pastorello et al. 2004 , decrease of the photospheric expansion velocity during this period: the P-Cygni spectral lines become much narrower, reaching a velocity of 1000-1500 km s −1 at the end of the plateau (Figure 12 ).
The general properties of the photospheric spectra of SN 2005cs allow us to definitely conclude that this object belongs to the well-known class of low-velocity, 56 Ni-poor SNe IIP (Pastorello et al. 2004 ). In particular, the evolution of the expansion velocities as derived from the P-Cygni minima of Hα and Sc II λ6246 nicely matches those of other events of this family (SNe 1997D, 1999br, 1999eu, 2001dc, 2002gd, 2003Z, Turatto et al. 1998 The line velocities of these SNe are systematically smaller by a factor ∼ 2 (see Figure 12 ) with respect to the normal SN IIP 1999em (Hamuy et al. 2001; Leonard et al. 2002b; Elmhamdi et al. 2003a ).
In Figure 13 the sequence of spectra of SN 2005cs from the late photospheric phase to the nebular phase is shown. On top of the figure a spectrum of the prototypical underluminous SN 1997D (Turatto et al. 1998; Benetti et al. 2001 ) obtained at the end of the plateau is also included. This spectrum is shown in order to fill the gap in the spectroscopic observations of SN 2005cs during the period 62-106 days. Figure 14 is the analogue of Figure 11 , but in this case a few . It is worth noting that the peak of Hα is always shifted towards redder wavelengths by about 700-800 km s −1 . This phenomenon, observed in nebular spectra of other core-collapse SNe (e.g. SN 1987A and SN 1999em, Phillips & Williams 1991 Elmhamdi et al. 2003a ) is usually interpreted as evidence of asymmetry in the 56 Ni distribution. Redshifted line peaks are explained with a higher hydrogen excitation due to the ejection of an excess of 56 Ni in the receding hemisphere. On the contrary, blueshifted peaks may be observed when most of the 56 Ni is ejected in the direction towards the observer (like in SN 2004dj, Chugai et al. 2005) . In this context, it is worth noting that evidence of polarized radiation from early-time observations of SN 2005cs was reported by Gnedin et al. (2007) , possibly an indication of asymmetric distribution of the ejected material.
The overall characteristics of the spectrum of SN 2005cs at ∼1 year after explosion closely resemble those of other faint SNe IIP (e.g. SN 1997D, see Figure 15 According to Fransson & Chevalier (1987) and Fransson & Chevalier (1989) the ratio (ℜ) between the luminosities of the [Ca II] λλ7291,7324 and [O I] λλ6300,6364 doublets is almost constant at late epochs. It is believed to be a good diagnostic for the mass of the core and, as a consequence, for the main sequence mass of the precursor star. Objects with larger ℜ are expected to have smaller main sequence masses. Elmhamdi et al. (2004, see their figure 3 ) showed that most type Ib/c SNe are clustered in the region with ℜ ≈ 0.3-0.7, while for the peculiar type II SN 1987A a ℜ ≈ 3 was computed. Although Elmhamdi et al. (2004) remarked that the comparison between SNe Ib/c and SNe II may well be affected by systematic errors due to the fact that the latter have H-rich Ca II emitting regions (see also de Kool et al. 1998) , the direct comparison between SN 1987A and SN 2005cs is probably reliable. The luminosities of the two doublets as measured in the last spectrum of SN 2005cs (at ∼ 334 days) yield ℜ ≈ 4.2 ± 0.6, which is 40% larger than that calculated for SN 1987A. This is an indication of a more modest He core and a relatively low main sequence mass for the progenitor of SN 2005cs. This looks consistent with the relatively low progenitor masses (7-13 M ⊙ ) estimated by , Li et al. (2006) , Takáts & Vinkó (2006) and Eldridge et al. (2007) .
Near-Infrared Spectra
SN 2005cs offered the rare opportunity to study the NIR spectrum of a nearby low-luminosity SN IIP. We collected two spectra of SN 2005cs, the former obtained during the photospheric phase, the latter (unfortunately with low signal-to-noise) during the nebular phase (see Table 5 for more information).
In Figure 16 the +62 days optical+NIR (uvoir) spectrum of SN 2005cs is compared with the uvoir spectrum of SN 1997D (Benetti et al. 2001) at the end of the plateau phase. The two spectra appear to be rather similar, although that of SN 2005cs is slightly bluer owing to the one-month difference in phase. For the same reason, SN 2005cs shows slightly broader lines than SN 1997D. Nevertheless, the most important features commonly observed in type IIP SN spectra during recombination are visible in both spectra. In the insert of Figure 16 , a blow-up of the region between 8200 Å and 11140 Å in the SN 2005cs spectrum is shown. The main spectral lines are identified, with the most prominent features being the NIR Ca II triplet, and blends of the H I Paschen lines with strong Sr II (multiplet 2), C I, and Fe II lines. Interestingly, the classical feature at 10850 Å is partially unblended in the spectrum of SN 2005cs owing to the narrowness of the spectral lines. It is mostly due to Pγ, Sr II λ10915 and C I λ10691, while the contribution of He I λ10830 is probably less important than in other core-collapse SN types.
A second NIR spectrum of SN 2005cs was obtained at a phase of about 281 days. In Figure 17 , this spectrum is compared with that of the type IIP SN 1999em at a phase of about 15 months after explosion (Elmhamdi et al. 2003a ). An attempt of line identification is made, following Bautista et al. (1995) and Pozzo et al. (2006) . The strongest features visible in the spectrum are those of the Paschen series of H, and the He I λ10830 and λ20580 lines. A relatively strong feature at 11310 Å is identified as the O I λ11290 Bowen resonance line, another one at 16445 Å as a blend of [Fe II] and [Si I]. Unfortunately, the low signal-to-noise of the spectrum does not allow to clearly distinguish other spectral features.
CONSTRAINING THE PROGENITORS OF LOW-LUMINOSITY SNE IIP
The Progenitor of SN 2005cs
The nature of the progenitors of low-luminosity SNe IIP has been extensively debated during the last decade, and only the explosions of very nearby objects could offer key information and compelling answers. This was the case with SN 2005cs, whose vicinity offered the opportunity to comprehensively analyse the spectrophotometric properties of the SN, to study in great detail the SN environment, and to recover the progenitor star in pre-explosion archive images. The impressive quality and quantity of information collected for SN 2005cs by many groups on a wide range of wavelengths has shed light on the nature of the star generating this underluminous SN. In Paper I and in this paper, the similarity of SN 2005cs with a number of other SN 1997D-like objects was discussed. In analogy to other events of this family, the possibility that SN 2005cs arose from the explosion of a relatively massive RSG was not ruled out (Paper I). Direct studies of the progenitor, however, seem to suggest a lower-mass precursor, although mass loss episodes in the latest phase of the evolution of the progenitor cannot be definitely excluded. This could conceivably mean that the light of the precursor star was partly extinguished by dust. However, there is ev- idence of low reddening towards SN 2005cs. This is key information, since the presence of dust along the line of sight would imply higher extinction, affecting the colour and luminosity estimates of the SN progenitor. As a consequence, the mass of the star would be underestimated. However, as pointed out by Eldridge et al. (2007) , the non-detection of the progenitor star in the NIR pre-SN images Li et al. 2006) , where the effect of dust extinction on the stellar light is much weaker, is a problem for the highreddening scenario. Therefore, the conclusions of Eldridge et al. (2007) give full support to the moderate-mass ( 12M ⊙ ) progenitor scenario proposed by , Li et al. (2006) and Takáts & Vinkó (2006) . Baron et al. (2007) , through the modelling of some early-time spectra of SN 2005cs with the PHOENIX code (Hauschildt & Baron 1999) , argued that the observed spectral properties of SN 2005cs agree with an almost negligible extinction, with E(B-V) being in the range 0.035-0.05. Using the non-LTE model atmosphere code CMFGEN (Hillier & Miller 1998; Dessart & Hillier 2005) , Brown et al. (2007) and Dessart et al. (2008) found a similarly low extinction. Such a small extinction implies a lower intrinsic luminosity of the precursor star and a redder colour, indicating that the progenitor star was marginally less massive than reported by and Li et al. (2006) .
As an alternative to the direct detection of the progenitor in pre-explosion images, the final stellar mass can be estimated through the modelling of the observed SN data. This approach has been applied to the cases of numerous underluminous type IIP SNe (SNe 1997D and 1999br , see e.g. Zampieri et al. 2003) . The model, extensively described by Zampieri et al. (2003) , makes use of a semi-analytic code that solves the energy balance equation for a spherically symmetric, homologously expanding envelope of constant density. The code computes the bolometric light curve and the evolution of line velocities and the continuum temperature at the photosphere. The physical properties of the envelope are derived by performing a simultaneous χ 2 fit of these three observables with model calculations. With the shock breakout epoch (JD = 2453549.0 ± 0.5), distance modulus (µ = 29.26) and reddening (E(B − V) = 0.05) adopted in this paper (see Sections 1 and 2.1), good fits are obtained with the two models shown in Figure 18 . In both models the initial radius is R 0 = 7 × 10 12 cm (about 100 R ⊙ ) and the velocity of the expanding envelope at the onset of recombination is 1500 ± 100 km s 2) × 10 −3 M ⊙ and M ej = 9.6 ± 1.8 M ⊙ . The latter model has a good match with the bolometric curve at phases later than ∼ 280 days. In any case, the two models constrain the amount of ejected 56 Ni to be very small, about 3-4 × 10 −3 M ⊙ . This value is fully consistent with the 56 Ni mass range estimated for other low-luminosity SNe IIP (2-7 × 10 −3 M ⊙ , Pastorello et al. 2006; Spiro et al. 2009 ), and about 1 order of magnitude less than the average amount synthesized by normal type IIP SNe (Hamuy 2003; Nadyozhin 2003) .
Adding the mass of a compact remnant to that of the ejected material, we may therefore constrain the final mass of the progenitor of SN 2005cs to be around 10-15 M ⊙ (considering the uncertainties), which is consistent with the other estimates derived through the direct detection of the progenitor star.
It is worth noting that the parameters derived here are different from those obtained by Utrobin & Chugai (2008) : R 0 = 600 ± 140 R ⊙ , E 0 ≈ 0.41 foe, M( 56 Ni) = 8.2 (±1.6) × 10 −3 M ⊙ and M ej = 15.9 M ⊙ . Including the mass of the core, Utrobin & Chugai (2008) indeed obtained a larger pre-SN mass of 17.3 ± 1.0 M ⊙ . This inconsistency can be partly explained by the significantly higher 56 Ni mass adopted by Utrobin & Chugai (2008) , which was obtained from the overestimated radioactive tail luminosity of Tsvetkov et al. (2006) (see Section 2.3), and by different assumptions in mixing of chemical elements.
The Progenitors of Low-Luminosity SNe IIP
There are now a number of clues indicating that SN 2005cs probably arose from a moderate-mass progenitor. However, we still need to understand whether all underluminous SNe IIP are generated by the explosion of moderate-mass stars (e.g. electon capture supernovae, see Kitaura et al. 2006; Wanajo et al. 2008) , or if some of them are instead related to black-hole forming massive precursors as suggested by Zampieri et al. (1998 Zampieri et al. ( , 2003 and Nomoto et al. (2003) . The second possibility would imply that a double population of underluminous core-collapse SNe might exist, sharing similar observed properties but having different progenitors. If this is the case, which parameters may allow us to discriminate among different progenitors capable of producing faint SNe IIP?
We have to consider this possibility, since there is some degree of heterogeneity among the observables of low-luminosity SNe IIP. Contrary to what is observed in normal SNe IIP (Hamuy 2003; Pastorello 2003) , the plateau magnitude in underluminous events does not seem to well correlate with the 56 Ni mass (see Spiro et al. c 0000 RAS, MNRAS 000, 000-000 2009). This is quite evident analysing the bolometric light curves in Figure 3 (top) of Pastorello et al. (2005b) : objects with lower average plateau luminosities are not necessarily those with deeper post-plateau luminosity drops (and, as a consequence, those having smaller ejected 56 Ni masses). Despite its plateau luminosity being one of the highest among the objects of this sample, SN 2005cs exhibits the largest magnitude drop (4-5 mags in the B band), comparable to that of SN 2002gd, and similar to those of the extremely underluminous SNe 1999br and 1999eu (Pastorello et al. 2004) . Other low-luminosity SNe IIP (including e.g. SNe 1997D, 2003Z, 2001dc) drop by a more modest 2-3 mags. It is unclear, however, if this dispersion is due to intrinsic differences among the progenitors at the time of their explosion, or to a variable additional contribution from residual radiation energy, as suggested by Utrobin (2007) in the case of SN 1999em. We may speculate about the association of events showing a deep post-plateau magnitude decline with moderate-mass stars, as suggested by the magnitudes and colours of the precursor of SN 2005cs Li et al. 2006) and the missing detections of the progenitors of SNe 1999br and 2006ov (Van Dyk et al. 2003; Smartt et al. 2008) .
2 However, while observational evidence seems to exclude very massive progenitors for faint SNe IIP similar to SN 2005cs, the issue remains open for SN 1997D and other underluminous events showing more moderate post-plateau luminosity declines. Since none of the latter have occurred in nearby galaxies, their progenitors have eluded detection in pre-explosion images so far. If the data modelling of some SNe of this group (see e.g. Zampieri et al. 2003; Zampieri 2007; Utrobin et al. 2007; Utrobin & Chugai 2008) suggests that they originate from 15-20 M ⊙ precursors, only the detection or a robust limit in pre-explosion images can definitely shed light on the real nature of their progenitor stars.
SUMMARY
New optical and near-IR data of SN 2005cs extending up to over 1 year post explosion are analysed together with those presented in Pastorello et al. (2006) and others from the literature. These allow us to compute for the first time a reliable bolometric light curve for a low-luminosity type IIP SN. SN 2005cs is mildly underluminous during the plateau phase, but it has a very faint radioactive tail, suggesting that a very small amount of 56 Ni (∼ 3 × 10 −3 M ⊙ ) was ejected. The spectra, that are very red at the end of the H recombination phase, show very narrow spectral lines indicative of low-velocity ejecta (about 1000-1500 km s −1 ). All these numbers reveal the affinity of SN 2005cs to the family of underluminous, 56 Ni-poor, low-energy SNe IIP similar to SN 1997D.
The direct observations of the progenitor of SN 2005cs in archive images, the characteristics of the nebular spectra and the modelling of the SN data all indicate that the progenitor star was likely a moderate-mass (8-15 M ⊙ ) red supergiant, and not one of the massive, black-hole-forming stars previously proposed as the best candidates for generating 1997D-like events. However, 2 We note that Li et al. (2007) some heterogeneity has been observed in the parameters of lowluminosity SNe IIP, and at present we cannot definitely rule out that more massive stars can similarly produce underluminous corecollapse SNe.
